plasm of affected neurons. How the formation of these aggregates is mechanistically linked to cellular toxicity is not yet understood.
would question the general significance of the sequestration model for the disruption of transcriptional pathways in polyQ diseases.
We have investigated the interaction of polyQ-expanded Htt exon1 constructs with TBP and CBP in vitro as well as in neuroblastoma cells and in a yeast model. Our results show that monomers and small soluble oligomers of mutant Htt deactivate the transcription factors by a polyQ-mediated interaction, independent of the formation of insoluble coaggregates. These soluble toxic forms are generated through a conformational rearrangement in mutant Htt and accumulate to high levels when the polyQ-expanded protein is targeted to the nucleus. The Hsp70/Hsp40 chaperones modulate the toxic intramolecular transition in mutant Htt, thereby preventing its aberrant interaction with the transcription factor proteins.
Results

Efficient Recruitment of Nuclear Factors to Htt Aggregates Requires Ongoing Synthesis of Mutant Htt
We confirmed the recruitment of CBP and TBP to polyQ protein aggregates in mouse neuroblastoma (N2a) cells using the exon1 fragment of Htt as a model disease protein (see Supplemental Figure S1 made when the Htt96Q protein was targeted to the nuLower amounts of Htt96Q and recruited proteins accucleus, although reduced amounts of insoluble aggremulated in aggregates when the Htt protein was targeted gates formed (data not shown). These results indicate to the nucleus ( Figure 1A) , although NLS-Htt and cytothat preexisting Htt inclusions are recruitment incompesolic Htt were expressed to similar levels (data not tent and suggest that newly synthesized, diffusible Htt shown).
protein drives the aberrant interaction with the transcripNext, we investigated whether the recruitment of TBP tion factors. into aggregates was dependent on the ongoing synthesis of mutant Htt. When the production of Htt96Q under control of a tetracycline-regulatable promoter was Soluble Mutant Htt Mediates Transcription Factor Aggregation In Vitro switched off after 24 hr by adding doxycycline, further accumulation of Htt96Q aggregates was blocked but
The mechanism by which mutant Htt interacts with the polyQ transcription factors and induces their aggregathe aggregates present remained stable ( Figure 1B) . Notably, the expression of TBP after doxycycline addition tion was investigated in vitro. HA-tagged versions of TBP and TBP⌬Q as well as a C-terminal fragment of did not result in a recruitment of the protein into the preexisting Htt aggregates ( Figure 1B) . In contrast, TBP CBP (⌬N-CBP) ( Figure 2A) were expressed in E. coli and Figures 3A and 3B ). Moreover, no interaction was dechromophores, we calculated a critical distance R 0 of tected between TBP and uncleaved GST-Htt53Q. 32 Å and an average distance r of 38 Å between the These results indicate that Htt53Q undergoes a rapid donor and acceptor chromophores in the Htt53Q oligostructural rearrangement upon its cleavage from GST, mers, suggesting a head-to-tail oligomerization of Htt53Q compatible with a compaction due to the formation of molecules. Some intermolecular FRET was also ob-␤ sheets in the mutant polyQ segment. This conformaserved with Htt20Q, but it occurred with significantly tional change likely represents the potentiating step for slower kinetics and lower efficiency (data not shown), the self-association of Htt53Q and its interaction with consistent with a more transient interaction.
other polyQ repeat proteins in this system. Next, we tested the effect of TBP addition on the efficiency of FRET between Htt53Q molecules. We reasoned that a physical interaction between TBP and FRET experiments with labeled Htt53Q showed that the chaperones interfered most efficiently with the intra-G.S., unpublished data). We established that the polyQ segment in GST-Htt53Q is solvent exposed based on molecular rearrangement in Htt53Q occurring upon cleavage from GST ( Figure 4B ). In the presence of its accessibility to protease and the observation that uncleaved GST-Htt53Q, but not GST alone, is efficiently Hsp70, Hsp40, and ATP, the efficiency of the intra-FRET process was reduced by up to 60%. In contrast, Hsp70/ recruited into aggregates by Htt53Q (data not shown). (Figure 5B) .
Incubation of TBP in the presence of GST-Htt53Q and PreScission protease resulted in an increased sensitivity of TBP toward digestion by proteinase K (PK), whereas Htt20Q had only a mild effect on the intrinsic stability of TBP ( Figure 5C ). This indicates that the transcription factor is structurally destabilized as a result of its interaction with soluble mutant Htt, before sequestration into insoluble aggregates occurs. resulted in a pronounced, polyQ length-dependent growth impairment ( Figure 6A ). This effect can be attributed to a (partial) polyQ-mediated deactivation of human 
Mutant Htt Interferes with the Function of Human TBP in a Yeast Model
TBP because it was suppressed by the expression of presence of the NLS inhibit Htt aggregation in vitro (data not shown). yeast TBP (Figure 6A). No growth defect was observed Importantly, extracts of yeast cells expressing NLSin wild-type yeast expressing the NLS-Htt constructs,
Htt96Q for up to 4 hr contained exclusively Htt protein whether or not these cells also expressed human TBP that was fully soluble upon centrifugation at 100,000 ϫ g (Supplemental Figure S4) . Rescue of the growth defect ( Figure 6D ). In contrast, soluble Htt protein was essenin ⌬yTBP/hTBP cells was also achieved by coexpressing tially absent in cells expressing Htt96Q in the cytoplasm mammalian Hsp70 and Hsp40 (Hdj1) from galactosebut was detected in cells expressing GST-Htt96Q (Figinducible promoters (Figure 6A ) without significantly ure 6D). Thus, the soluble mutant Htt in the nucleus changing the cellular levels of the Htt proteins (data must be responsible for the early growth defect seen in not shown).
⌬yTBP/hTBP cells. This soluble NLS-Htt96Q fractionThe expression of mutant Htt fused to GST in the ated upon size exclusion chromatography between 70 nucleus or cytosol was without effect on the growth and 120 kDa ( Figure 6E ). Soluble NLS-Htt96Q with the of ⌬yTBP/hTBP cells (Supplemental Figure S4) . These same fractionation properties was also observed in N2a proteins did not form aggregates although their polyQ cells (Supplemental Figure S6A) . Taking into account segments were exposed, as evidenced by the efficient that the Htt constructs tend to fractionate greater than coaggregation of GST-Htt53Q with Htt96Q (Supplementheir nominal mass, this protein would represent monotal Figure S5) (Figures 6B and 6D) . In contrast, only a of nuclear Htt appears to modulate the conformational mild growth impairment was observed upon expression properties of TBP (or TBP-containing transcription comof Htt96Q in the cytosol, as compared to cells expressplexes), presumably resulting in the formation of mising Htt20Q ( Figure 6B) . Interestingly, while the cytofolded and partially aggregated species. This interaction plasmic Htt96Q protein aggregated rapidly, the nuclear between TBP and soluble mutant Htt must be transient; NLS-Htt96Q began to form insoluble aggregates only it did not result in the formation of insoluble TBP/Htt after several hours ( Figure 6C ). This effect was not coaggregates, which were only observed when both Htt caused by differences in expression levels between the and TBP were expressed to high levels (Supplemental Figure S5) . Coimmunoprecipitation experiments connuclear and cytoplasmic Htt proteins. Neither did the , 2003) . Notably, this mechaeffectively with polyQ disease proteins for decades, until nism of toxicity was most effective when the polyQthe aging process diminishes the cell's capacity to handle these toxic molecules. expanded model protein was targeted to the nucleus,
